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The Na1-K1-ATPase b1 subunit is associated with the HKa2 protein
in the rat kidney. The Na-K-ATPase b1 subunit acts as the b subunit for
the HKa2 protein in the rat kidney. The colonic H
1-K1-ATPase is a
member of the P-type ATPases, and has been shown to contribute to
potassium transport by the mammalian kidney and colon. The P-type
ATPases often consist of an alpha subunit that contains the catalytic site
and a beta subunit that participates in regulation of enzyme activity and
targeting of the enzyme to the plasma membrane. The cDNA of the alpha
subunit (HKa2) has been cloned and the HKa2 protein has been isolated
from the rat kidney and colon. However, a unique beta subunit for the
colonic H1-K1-ATPase has not been described. To determine if one of
the known beta subunits present in the kidney might act as the beta
subunit for the colonic H1-K1-ATPase, microsomes enriched in the
colonic H1-K1-ATPase were isolated using an HKa2-specific antibody
(AS 31.7) and the Minimac magnetic separation system. Immunoblots of
rat kidney microsomal protein isolated with antibody AS 31.7 were probed
with antibodies directed against the gastric HK beta subunit, Na1-K1-
ATPase alpha 1, and Na1-K1-ATPase beta 1 subunits. A band of the
appropriate size was detected with Na1-K1-ATPase b1-specific antibod-
ies, but not those directed against HKb1. These data suggest that
Na1-K1-ATPase b1 could be the beta subunit for the colonic H
1-K1-
ATPase in the kidney.
A hydrogen/potassium-adenosine triphosphatase (H1-K1-
ATPase), a member of the family of P-type ATPases, is present in
the mammalian stomach (HKa1) [1, 2]. Similar to the Na
1-K1-
ATPase, the enzyme is composed of an alpha and beta subunit.
The alpha subunit contains the transport or catalytic site and has
a high amino acid homology (65%) with the alpha subunit of the
Na1-K1-ATPase. The beta subunit (HKb1) is a 60 to 90 kDa
glycoprotein and is important for both regulation of the H1-K1-
ATPase activity and targeting of the enzyme to the plasma
membrane [1, 3–7]. This beta subunit has a 40% amino acid
homology with the b subunit isoforms of the Na1-K1-ATPase.
Recent studies have indicated that both HKa1 and HKb1 are
expressed in the rat kidney [8–11].
A separate isoform of the alpha subunit of the H1-K1-ATPase
(HKa2) has been detected in the distal colon and collecting ducts
of the mammalian kidney [12–16]. This isoform is equally homol-
ogous (65%) with the alpha subunits of the gastric H1-K1-
ATPase and the Na1-K1-ATPase, respectively. However, a dis-
tinct beta subunit associated with HKa2 has not been cloned. The
failure to detect a beta subunit with HKa2 could indicate either:
(1) this H1-K1-ATPase does not require a beta subunit for its
activity; (2) the beta subunit associated with HKa2 represents a
unique beta subunit which has yet to be described; or (3) one of
the beta subunits known to be expressed in the kidney HKb1 or
Na1-K1-ATPase b1 can serve as the beta subunit for HKa2.
It has been claimed that HKa2 expressed alone in SF9 cells is
able to display K-stimulated ATPase activity [17]. However,
studies by Codina et al [18] and Cougnon et al [12] have
demonstrated that HKa2 alone cannot support
86Rb uptake. On
the other hand, either HKb1 or Na
1-K1-ATPase b1 has been
demonstrated to serve as a surrogate beta subunit for HKa2
supporting 86Rb uptake [18]. These data suggest that either HKb1
or Na1-K1-ATPase b1 might be the beta subunit associated with
HKa2 in the mammalian kidney.
We postulated that if either HKb1 or Na
1-K1-ATPase b1
served as the beta subunit for HKa2, then the appropriate beta
subunit should be physically associated with HKa2. To examine
this issue, we isolated the colonic H1-K1-ATPase from rat kidney
using an HKa2-specific antibody and a magnetic separation
system [11]. The colonic H1-K1-ATPase protein was then sub-
jected to Western blot analysis using antibodies directed against
HKb1 or Na
1-K1-ATPase b1. The results of these studies indi-
cate that antibodies directed against the beta 1 subunit of the
Na1-K1-ATPase, but not those directed against the gastric H1-
K1-ATPase beta subunit reacted with the colonic H1-K1-ATPase
protein isolated from kidney. These data suggest that Na1-K1-
ATPase b1 is associated with HKa2 in the kidney and, therefore,
might act as a beta for HKa2.
METHODS
Preparation of animals
Sprague Dawley rats weighing 200 g were given normal Purina
rat chow (N 5 6) or a low potassium diet (N 5 8) (ICN, Irvine,
CA, USA) for 14 days. Prior to isolation of tissue for preparation
of microsomes, the rats were anesthetized with sodium pentobar-
bital (Nembutol®), their abdomen was opened via a midline
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incision and blood obtained from the abdominal aorta for mea-
surement of blood potassium concentration. They were then
euthanized by overdose with nembutol. Plasma potassium was
measured using a flame photometer (Instrumentation Labs, Lex-
ington, MA, USA).
Isolation of microsomes enriched in H1-K-1ATPase
Crude rat kidney microsomes were prepared as described
previously [19]. Microsomes enriched in HKa2 were isolated using
MiniMACS separation columns (Milteny Biotec GMbH, Sunny-
vale, CA, USA). Briefly, the microsomes were incubated for two
hours at 4°C in a rotator with a polyclonal antibody directed
against a synthetic peptide consisting of amino acids 686 to 698
(TPEQLDELLTNYQ) of the putative rat colonic H1-K1-
ATPase a subunit (AS 31.7). This antibody was affinity purified
with Sephadex-peptide slurries and its specificity verified by
peptide absorption studies. The antigen-antibody complexes were
pelleted and resuspended in 1 3 PBS/0.1% Tween-20/5 mM
EDTA solution. The miniMacs microbeads covalently-linked to
IgG direced against the Fc region were added to the mix and
incubated for 18 hours overnight at 4°C on a rotator. One hundred
twenty-five to 500 micrograms of the microsomes with the anti-
body-bound beads were passed over a steel wool column in a
magnetic field and washed three times with 500 ml of Tris buffer
(20 mM, pH 7.4). Upon removal of the magnetic field, the
microsomes were eluted from the steel wool with 1 ml of Tris
buffer (20 mM, pH 7.4) and then pelleted and resuspended in 20
ml of Tris buffer (20 mM, pH 7.4).
Immunoblotting
Microsomal proteins on Western blots to be probed with
antibody AS 31.7 and Na1-K1-ATPase a1 antibody (gift of
Michael Caplan) or antibodies specific for Na1-K1-ATPase b1
(Upstate Biotechnology Incorporated, Lake Placid, NY, USA)
and HKb1 (2B6, AA 236-281, gift of Tohru Masuda) were
resolved on a 5% or 10% sodium dodecycl sulfate-polyacrylamide
tricine gel (SDS-PAGE), respectively. The proteins were trans-
ferred to nitrocellulose membranes by electroblotting and then
probed with the appropriate antibodies using the enhanced
chemiluminescense reagents (ECL Western blotting; Amersham
Life Science, Arlington Heights, IL, USA) according to a slight
modification of the manufacturer’s protocol. The blots were
blocked with 5% dry milk/0.1% Tween-20/1 3 PBS for one hour.
After the blocking solution was removed, the blots were incubated
overnight at 4°C with the primary diluted 1:2500 in 5% dry
milk/0.1% Tween-20/1 3 PBS. All antibodies were diluted in a
solution of the same composition. Five quick rinses and three 10
minutes washes with 0.1%20/1 3 PBS were done after each
incubation with antibody. The secondary antibodies were diluted
1:10,000 and then placed on the blots for one hour. These
antibodies are linked to horseradish peroxidase and were ab-
sorbed against several species of serum to ensure a higher
specificity (American Qualex International Inc., La Mirada, CA,
USA). After the final washes, the blots were transferred to a new
container and all blots were incubated for one minute with 2 to 3
ml of both ECL reagents. Using a kimwipe, the excess liquid was
removed from the blot before placing them under the plastic
wrap. Once the plastic wrap covered the blots, they were exposed
to film for five seconds to one minute.
RESULTS
As expected, the low potassium diet induced a reduction in
serum potassium concentration to 2.3 6 0.1 mEq/liter. Figure 1
depicts a typical immunoblot study using protein isolated with the
colonic H1-K1-ATPase antibody (AS 31.7). As noted previously,
Western blot analysis of renal microsomal protein isolated from
rats ingesting a normal diet or low potassium diet with the
HKa2-specific antibody resulted in a distinct band on Western
blot slightly greater than 94 kDa in size (lanes 4 and 6). No band
was detected from a similar quantity of renal microsomal protein
probed with antibodies directed against Na1-K1-ATPase a1
(lanes 3 and 5). On the other hand, membranes enriched in
Na1-K1-ATPase probed with Na1-K1-ATPase-specific a1 anti-
body revealed a band (lane 1). Figure 2 depicts a typical immu-
noblot study in which renal microsomal protein isolated with AS
31.7 was probed with HKb1-specific antibody or Na
1-K1-ATPase
b1. The HKa2 was isolated from 500 mg (lanes 5 and 6), 250 mg
(lanes 7 and 8), and 125 mg (lanes 9 and 10) of renal microsomal
protein using AS 31.7 and then probed with HKb1-specific
antibody or Na1-K1-ATPase b1-specific antibody. Distinct bands
were noted with the Na1-K1-ATPase b1 antibody at all concen-
trations of renal microsomal protein (lanes 6, 8, and 10) that
comigrated with Na1-K1-ATPase probed with this antibody (lane
4). No bands were detected at any concentration of renal micro-
somal protein probed with the HKb1-specific antibody. Moreover,
a band was detected with the G1 fraction of the stomach (gastric
membranes enriched in H1-K1-ATPase)(lane 1) probed with the
HKb1-specific antibody, but not when the G1 fraction was probed
with Na1-K1-ATPase b1-specific antibody (lane 2).
DISCUSSION
Transport of potassium by renal collecting ducts has been
shown to be accomplished, in part, by a primary active ATP-
dependent K1/H1 exchange process (H1-K1-ATPase) [7, 20–
22].
Three isoforms of the alpha subunit of the H1-K1-ATPase
have been detected [1, 8, 10, 13, 23, 24]. HKa1 is present in high
concentrations in the stomach and the collecting ducts of the
kidney. A beta subunit, HKb1, which is important for targeting of
this enzyme to the plasma membrane and regulation of its activity
[3, 25], has been identified in stomach and kidney. The full
genomic sequence of this subunit has been determined.
HKa3, an H
1-K1-ATPase alpha subunit isoform structurally
related to the gastric H1-K1-ATPase has been cloned and
sequenced from the urinary bladder of Bufo marinus (toad
bladder form, HKa3) [23], but has not been identified in the rat
kidney. A beta subunit associated with HKa3 has been identified
that is distinct from HKb1.
HKa2 has been cloned and sequenced from the mammalian
colon. It is equally homologous to the alpha subunits of the gastric
and Na1-K1-ATPase, respectively [13]. This isoform has also
been found in the renal collecting ducts [10, 24]. Injection of
Xenopus oocytes with HKa2 cRNA along with beta subunit cRNA
from Bufo marinus bladder produced 86Rb uptake, intracellular
alkalinization and acidification of the extracellular medium [12];
these data indicate that the colonic P-ATPase alpha subunit is a
functional H1/K1 exchanger. A distinct beta subunit, in associa-
tion with this isoform, however, has not been identified either in
the colon or kidney. The failure to detect a distinct beta subunit
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associated with HKa2 could indicate this alpha subunit can
function without an associated beta subunit. Support for this
possibility was derived from the studies of Lee et al [17], which
demonstrated that functional expression of HKa2 alone in Sf9
cells resulted in K-stimulated ATPase activity. Alternatively, one
of the known beta subunits present in the kidney could function as
the beta subunit for the H1-K1-ATPase. Studies of Codina et al
[18] and Cougnon et al [12] demonstrated that Na1-independent
86RB uptake was absent when HKa2 cDNA was expressed alone.
However, Na1-independent 86RB uptake was present when coex-
pressed with either HKb1 or Na
1-K1-ATPase b1 [18]. Moreover,
both of these beta subunits formed stable complexes with HKa2.
These results suggested that either HKb1 or Na
1-K1-ATPase b1
could be the beta subunit associated with HKa2.
Previous studies from this laboratory had indicated that the
colonic H1-K1-ATPase could be isolated from renal and colonic
tissue utilizing an HKa2-specific antibody and a magnetic separa-
tion system [11]. The results of the present study suggest that the
Na1-K1-ATPase b1 might be the beta subunit isoform associated
with HKa2 in the kidney. This conclusion is based on the
demonstration that antibody directed against Na1-K1-ATPase b1
but not against HKb1 reacts with kidney microsomal protein
isolated using an HKa2-specific antibody. These results are in
accord with prior studies that indicated that the Na1-K1-ATPase
b1 subunit without an associated a1 subunit is localized to the
apical membrane of rat colonocytes [26], the presumed site of the
H1-K1-ATPase in the colon and the site for the HKa2 in the
collecting ducts of the kidney [27]. Although it is not the subject
of the present study, it is likely that the b1 subunit of the
Na1-K1-ATPase might also serve the same function for the HKa2
present in the colon. It is also possible that a heretofore unde-
scribed beta subunit that shares epitopes with Na1-K1-ATPase b1
is the beta subunit associated with HKa2. Based on the results of
our study, we cannot exclude this possibility.
If Na1-K1-ATPase b1 is a potential beta subunit for the HKa2,
then one would anticipate that similar to HKa2 [11], Na
1-K1-
ATPase b1 would be up-regulated by hypokalemia. Indeed,
studies by McDonough, Magyar and Komatsu [28] demonstrated
that hypokalemia stimulated an increment in the levels of both
Na1-K1-ATPase b1 and Na
1-K1-ATPase a1, but the levels of
Na1-K1-ATPase b1 were augmented to a greater extent. These
data could indicate that Na1-K1-ATPase b1 was associated with
another protein such as HKa2 and would support a potential role
for Na1-K1-ATPase b1 as the beta subunit for HKa2. Previous
studies had indicated that the b1 subunit of the Na
1-K1-ATPase
can substitute for the gastric H1-K1-ATPase beta subunit in
ensuring proper delivery of the gastric alpha subunit to the plasma
membrane [29]. In polarized mammalian cells, however, it ap-
pears that the b1 subunit of the Na
1-K1-ATPase cannot substi-
tute for the HK b1 in ensuring apical delivery of the HKa1 [25]. In
the case of the HKa2, our studies suggest that the Na
1-K1-
ATPase b1 would acompany the catalytic subunit to the apical
membrane. Therefore, apical targeting would be the responsibility
of the catalytic subunit rather than the beta subunit. The mecha-
nism underlying targeting of the HKa2 subunit to plasma mem-
branes of transporting epithelia remains to be determined.
Fig. 1. A typical immunoblot study of rat renal
microsomal protein isolated with antibody AS
31.7 and probed with antibodies directed
against HKa2 or Na
1-K1-ATPase a1 (N 5 5).
The HKa2 protein was isolated from 125 mg of
renal microsomal protein from low K (lanes 3
and 4) or normal animals (lanes 5 and 6) using
AS 31.7. Distinct bands were noted with low K
and normal kidney probed with AS 31.7 but not
with the antibody directed against Na1-K1-
ATPase a1. On the other hand, a band was
noted when purified renal Na1-K1-ATPase was
probed with the Na1-K1-ATPase a1-specific
antibody but not with the HKa2-specific
antibody.
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Ouabain or the relatively selective HKa1 inhibitor, SCH 28080,
inhibits potassium transport by the collecting ducts of the mam-
malian kidney [22, 30–32]. However, coexpression of HKa2 with
Na1-K1-ATPase b1 revealed it to be SCH 28080-resistant and
only partially sensitive to ouabain [18]. Studies using either HKb1
or HKb3 as the beta subunit also demonstrated SCH 28080-
resistant potassium transport [12, 18]. These observations might
suggest that HKa2 does not play a major role in potassium
transport by the renal collecting duct. On the other hand, the
increased abundance of HKa2 mRNA and protein [10, 11] with
potassium depletion suggests that this isoform plays a role in
potassium transport by the kidney. At present, it is not possible to
reconcile the stimulation of HKa2 abundance by potassium
depletion with the contrasting inhibitor profiles determined in
expression and microperfusion studies [7, 12, 18].
In summary, the present studies indicate that the b1 subunit of
the Na1-K1-ATPase is associated with the catalytic subunit of the
colonic H1-K1-ATPase and suggests it might the natural beta
subunit or one of the beta subunits for this H1-K1-ATPase.
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